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Abstract 

We study the five dimensional left-right symmetric gauge theory in which the gauge 
symmetry is broken down through orbifold compactification to four dimensions. The right 
handed charged gauge boson, Wr is a Kaluza-Klein excited state in this model, and unlike 
the usual left-right symmetric model in four dimension, there is no mixing in the charged 
sector. We develop the formalism and give expressions for the gauge boson masses and 
mixings and their couplings to the fermions. Phenomenology of the model is briefly studied 
to put constraints on the right-handed gauge boson masses and the orbifold compactification 
scale. 
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1 Introduction 



The Standard Model (SM) in four dimensions has been well established as an effective theory 
below the weak scale. There have been many attempts to go beyond the SM to understand 
several questions not answered in the SM framework. One attempt is the extension of the 
gauge group, while the other being the extension of the number of dimensions beyond the 
usual four space-time as motivated by the string theory. 

In four dimensions, minimal extension of the SM gauge symmetry is to left-right symme- 
try, SU(3) C x SU(2)i x SU(2)r x U(1)b-l 0, @- This extension gives natural explanations 
@ of two important questions not explained in the SM, the origin of parity violation at low 
energy weak interaction and also the non-vanishing of the neutrino masses as the current 
data strongly favor. In addition to the extended gauge symmetry, the theory also assumes 
discrete left-right symmetry i.e. the Lagrangian is invariant under the exchange of the left 
and right handed matter multiplets. In the four-dimensional theory, the gauge symmetry is 
broken by using suitable Higgs multiplets. 

Recent realization that the string scale may be much smaller than the Planck scale, even 
as low as few tens of TeV has inspired study of gauge symmetry in higher dimensions with 
the subsequent compactification to four dimension [J. Standard Model and its minimal 
super symmetric extension has been formulated in five dimensions with compactification at 
an inverse TeV scale and their phenomenological consequences have been explored || 0] . In 
these studies, the usual Higgs mechanism has been used to break the gauge symmetry. 

Compactification of this higher dimensional theory to four dimensions using a suitable 
manifold or orbifold, and choice of suitable boundary conditions, opens up a new mechanism 
for breaking gauge symmetry ||, an interesting alternative to the usual Higgs mechanism. A 
symmetry breaking occurs when the different components in a multiplet of the gauge group G 
is assigned different quantum number for the discrete symmetry group of the compactifying 
orbifold 0. Such orbifold breaking of SU(5) and SO (10) Grand Unified Theories (GUT) and 
their implications as well as the symmetry breaking patterns of various group under orbifold 



compactifications have been studied ||T0| , |TT|j . In these studies, orbifold compactifications 
have been used to break the GUT symmetry to the SM. 

In this work, we study the minimal extension of the SM, the left-right gauge model, 
SU (2) i x SU(2) rXU (1) B—L m five dimension. The gauge symmetry is broken to SU (2) L x 
U(1)r x U(1)b-l upon compactification on a S 1 /Z 2 x Z' 2 orbifold. This is the minimal 



2 



application of the orbifold breaking of a realistic gauge model. The next stage of symmetry 
breaking to the SM, SU (2) L x U(1) Y is achieved by using usual Higgs mechanism. We assume 
only the gauge and the Higgs bosons propagate into the extra dimensions, while the fermions 
are confined in the D3 brane at an orbifold fixed point. We develop the formalism, and work 
out the gauge boson mass matrices and their mixing and their coupling to the fermions. 
There are several interesting differences with the usual four dimensional left-right model. 
The most important qualitative differences are that the right-handed charged W boson is a 
Kaluza-Klein (KK) excited state and there is no left-right mixing in the charged gauge boson 
sector. Phenomenological constraints allow the right-handed neutral gauge boson mass as 
low as a TeV and the compactification scale as low as 2 TeV. Thus, these new gauge bosons 
as well as their KK excitations can be explored at the upcoming LHC. 

2 Formalism: Orbifold breaking of Left-Right gauge 
symmetry 

We start with the 5-dimensional (x^ : y) left-right gauge group SU(2) L x SU(2) R x U(1)b-l 
with coupling g^, g R , g' and impose the discrete left-right symmetry L <-> R so that gi = 
g R = g. The fifth space-like dimensional coordinate y is compactified in an orbifold S 1 /Z 2 x 
Z 2 . The orbifold is constructed by identifying the coordinate with Z 2 transformation y — > — y 
and Z' 2 transformation y' — > —y', where y' = y + irR/2. Then the orbifold space is regarded 
as a interval [0, ttR/2] and 4 dimensional wall are placed at the folding point y = and 
y = nR/2. We assume that the gauge bosons propagate into the extra dimensions, while 
the fermions are confined to the 4-dimensional wall place at the orbifold fixed points y = 
or nR/2. The fermion representations are the same as in the usual left-right theory. Using 
the orbifold compactification, we break the gauge symmetry to SU(2) L x U(1) R x U(1) B -l- 
We impose the following transformation property for the five dimensional gauge fields 
under Z 2 x Z' 2 . 

W,(x»,y) - W,(x»,-y)=PW,(x»,y)P~\ (1) 
Ws{x»,y) - W 5 (x»,-y) = -PW 5 (x»,y)P- 1 , (2) 
W^,y') - W^,-y')=P'W fM (x^y')P'-\ (3) 
W 5 (x",y') - W 5 {x",-y') = -P'W 5 (x*,y')P'- 1 . (4) 

Note that the five dimensional Lagrangian is invariant under the above transformations. For 
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the SU(2) L and U(1) B -l gauge fields, we chose P — P' — I — diag(l, 1), whereas for the 
SU(2) R gauge fields, W , we chose P = diag(l, 1), P' = diag(l, —1). The five dimensional 
SU(2) R gauge filed W can be written as 

Then, we find that the gauge fields have following parities under Z 2 x Z' 2) 

<:(+,+) , :(+,-), (6) 

Wg :(-,-) , Wt :(-,+)• (7) 

The fields are Fourier expanded as 



KW'V) = V^(<^) + v^E< B V)cos^J, (8) 

w?(^,y) = ^E^"V)cos^±^, (9) 
V7rR n =o K 

W?(x*,y) = -E=£^5 ±(n) (^)sin^±^, (10) 

v n=0 R 

W^,y) = ^ g w o (B ) M ^(2n + 2)i/_ (n) 

Then we find that the 4 dimensional right handed gauge bosons W^ n \ W^ n ^ have masses 
2n/R and (2n+ l)/i2, respectively. The important thing is that W^ n "> do not have massless 
mode, hence, the SU{2) R symmetry is broken down to U{\) R symmetry in 4 dimension. 
This orbifold breaking is the essential ingredient of this new formulation of the left-right 
gauge model leading to several new interesting consequences. 

We break the remaining symmetry to the SM, SU(2) L x U(l)y, using the Higgs mecha- 
nism. The appropriate Higgs multiplets for this scenario are XrO-i 2, |), Xl(2, 1, |), $i(2, 2, 0) 
and $2(2,2,0). Their transformation property under Z 2 x Z' 2 are 

x*(^,y) - XR(^,-y) = Px R (^,y), (12) 

Xfl(z'W) - Xfl(^,-2/') = -^'Xfl(^,S/), (is) 
$i(^,y) - $ 1 (^,-y) = $ 1 (^, 2/ )p- 1 , (14) 

$!(^,y0 - $ 1 (^,-y') = < fi(^ ) y / )^" 1 , (15) 
$ 2 (^,y) - $ 2 (^,-y) = $ 2 (x^,y)p- 1 , (16) 
$ 2 (^,y') - $ 2 (a?,-y') = -$ 2 (x' i ,y')P'- 1 . (17) 



4 



Note that the components fields x + an d X° i n the xr — (x + ?X°) T doublet has Z 2 x Z' 2 
parity (+, — ) and (+, +) respectively. Thus, while x + acquires a KK mass of 0(1/ R), x° 
remains a massless mode under orbifold compactification, and thus can be assigned a vacuum 
expectation value (VEV), v, to break the remaining gauge symmetry. In the same way, if we 
denote $x = (0n,0i2) where 4>uS are two SU(2) L doublets, then (fi n and i2 has Z 2 x Z' 2 
property (+, +) and (+, — ) respectively. Thus, 0i 2 has no massless mode, and hence can not 
have a VEV. Same remark applies for the first SU(2)i doublet of $ 2 - Thus, the assignments 
of the VEV's of the Higgs fields are as follows: 

(xS?) = ( l ) , (*<».) = ( * JJ ) , (<tf) .(oo). (18 ) 

This assignment breaks the SU(2) L x [7(1) R x U(1) B -l to the SM. 

We comment about why we need two $ fields. In the case of the usual left-right model, 
because there are two vacuum expectation values in the same multiplet, we need only one 
$ to produce adequate mass matrices for up- and down-type quarks. In our model, since, 
there is only one vacuum expectation value in one multiplet $, then we can not construct 
the appropriate up- and down-type quark matrices with just one <E> type multiplet. 

3 Gauge Boson Mass Matrices and Mixings 

The gauge boson mass matrices can be calculated using Eqs.(|,[5]) and the VEV's in Eq 
and integrating over y. For the charged sector, we obtain, 

(W+M ^O^Wged(^)' ( 19 ) 
/ ^ 2 + (f) 2 



M 2 



(n), charged 



V 



(20) 



3l( k 2 + v 2) + (?n±iy 

where k 2 = k\ + k\. 

Note a key feature of this model. Unlike usual left-right model, there is no left-right 
mixing. This is because, in the usual left-right model, the general assignment of VEV for 
4(2,2,0) is 

<•>=(?£)• < 21 > 

and the left-right mixing is proportional to kk! . As noted before, the orbifold Z 2 X Z' 2 sym- 
metry requires either k and k! to be zero. Note also that even the lowest lying charged right 
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handed gauge bosons are KK states and acquire masses from the orbifold compactification. 
For the neutral gauge bosons mass matrices, we obtain 

( wl {n) \ 



n=0 



-i oo 

-E(^) Wr 5 W ) M (Veutral 
:P + (f) 2 



V 



w° R {n) 



( 9l 
2 



Ml 



(n), neutral 



— 9-k 2 

2 ft 



91 
2 



J 



99' 



\ 



(22) 



(23) 



/ 



■(P + ^) + (f) 

Note that the zero mode neutral gauge bosons (except the photon) acquire masses only 
from the Higgs VEV's, while their KK excitations get masses from both the orbifold com- 
pactification as well as the Higgs VEV's. Their is left-right mixing in the neutral sector for 
each level, but there is no KK level mixing. 

The mass spectra for the charged and neutral gauge bosons are obtained to be 
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{k 2 + v 2 ) + 



in > 0), 

2n + l x2 
R 



(n>0), 



(24) 
(25) 



l A(°) 



M 2 



M 2 (0) 
cos 2 9w 

2 



( 1.2 ^ 

l-(l-tan 2 M 2 ^ 



M 2 A(n) ~ M 2 z[n) ~ ( — 



= 0, (26) 

(27) 

(28) 

in > 0), (29) 

yy yy , Qn x 

tm0 w = — , ffy = —====. (30) 
g y/g 2 + g' 2 

For the neutral sector, we express the mass eigenstates in terms of the current eigenstates 

/ ■/..;■ \ ' 



Xr) (n£1) ' 

2n\ 2 cos 2 0w 9 9 
— ) + - ^9 2 v 2 



where 6w is a weak mixing angle, 



We obtain the mixing matrix, 



aw ) 



= V 



( w° L (n) \ 

W° R (n) 



V 



(31) 



V = 



( cos <fi — sin \ ( cos Qw 



sm< 

V o 



COS i 






1 J 



, — sin 9wt&n-@w 

(cos29 w ) 1 / 2 sec9 w 

\ sin 9w sin 9w 



— tan 6^ (cos 26*^) 
— tan 9w 
-i26 w ) 1 ' 2 



1/2 



(32) 



cos : 
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where 

cos 4 9 W v 2 M; (0) 

4 Gauge Bosons-Fermions Coupling 

In our model, 5D theory has a left-right symmetry which is broken by the boundary condi- 
tions. At the boundary, y = wR/2, the gauge fields W^(x^,y) vanish. Thus, the orbifold 
fixed point y = ttR/2 does not respect the left-right symmetry. When we include the fermions 
in the theory, we have two choices: the fermions can propagate into the bulk or they are 
localized at the 4D wall orbifold fixed points. For this analysis, we assume that the fermions 
are localized at the 4D wall at the orbifold fixed point y = 0. For this choice, the interaction 
of the fermions and the gauge bosons can be left-right symmetric. We use the same multiplet 
assignments for the fermions as in the usual left-right gauge symmetry. Then writing the 
gauge interaction of the fermions in five dimensions, supplemented by S(y), and integrating 
over y, we obtain the four dimensional Lagrangian, 

_9 7 (n)/ A (n) Tf i , D (n) 

cos 9w 

where 



A = dtlT-^^ J v-A + BT'J^a), (34) 

J^a = frf^r 1 *- (35) 



2 

We obtain the coefficient and as follows. 

A ? ] - n f i - , siD L\r- sin *) - « si " 2 f 1 - , irw ) • < 36 > 

\ (cos 26V) ' / V (cos 26%) l i 1 ) 

^ 3 cos 2 9 W . 2 / sin 6 \ 

5l " - T * (cos2MV 2 " ° W V ~ W J ' ( ) 

A (o) „ T s gjg^ sin 2 ^ 

^ 2 " iL (cos2^)V2 % S 26V) 1/2 ' ^ 

(o) ^ 3 cos 2 6V sin 2 6V 

^ 2 " Jfi (cos 2£V) 1/2 (cos 26V) 1 / 2 ' ( j 



and for n > 1, 



4 n) = >/24 0) , ^{ n) = v^B{ 0) , (40) 
4 n) = >/24 0) , 4 n) = y/2B$\ (41) 



Note that in Eqs. (|36|j37|) , we have set cos0 ~ 1 and in Eqs. (|38|j39|) , we have set cos0 ~ 1, 
sin 6 = 0. 
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5 Phenomenological Implications 

In this section, we briefly discuss the phenomenology of the model as well as the present 
approximate bounds on the mass of the W 2 \ Z§ and the orbifold compactification scale, 
1/R. Details and more complete analysis will be present elsewhere JT2J. Detailed analysis for 



the usual left-right model using the LEP data can be found in Ref . lfL3| , |Tj]. Our model has 



several important qualitative differences with the usual four-dimensional left-right model. 

1. There will be tower of KK excitations both for the left and right-handed gauge bosons. 
The lowest W 2 (n) is a KK state with mass 1/R, whereas the first KK excitation of 
W} 0) has a mass of 1/R. With the present bound on of only about 2 TeV for 1/R (to 
be discussed below), few of these excitations might be produced at the LHC energy 
revealing the higher dimensional nature of the theory. 

2. Unlike the usual left-right model, there is no left-right mixing in the charged gauge 
boson sector. Presence of such mixing can be measured in the angular asymmetry 
parameter in the polarized muon decay or in the observation of W 2 — > Wi'y decay. 
Observation of this mixing will be evidence against this orbifold symmetry breaking. 

3. W 2 ^ being a KK excited state, its coupling to the fermions is larger by factor y/2 than 
in the usual left-right model. Thus, the production cross section as well as the decay 
width for will be twice of those in the usual left-right model. Lightest Z 2 is not 
an KK excited state, so its production cross section and decay width will be same as 
in usual left-right model. This property can be used to distinguish easily between the 
two models if W 2 and Z 2 are produced at the LHC. 



4. For our model, we have 



M„ 2 „ rm cos 2 9 W 1 1 tfi 



U = *T = 1 + Trfa- ( 42 ) 

M z (p) cos 2t) w 2~g v 

Thus, for orbifold breaking, TZ is larger than one, while for the usual left-right model, 
together with this Higgs breaking, TZ is equal to 1. Since orbifold breaking scale is 
higher than the Higgs breaking in this model, W 2 ^ is expected to be heavier than Z^ 
while in the usual left-right model, W 2 is lighter than Z 2 . 

5. Since there is no left-right mixing, the contribution to neutrinoless double beta decay 
is expected to be less than in the usual left-right model. 
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We now discuss briefly the bounds on M^o), M z (o) and the orbifold compactification 
scale, 1/R, for the model. The model has five parameters (g, g',k,v,l/R). We choose an 
equivalent set (a, M w (o), M z (p), M w (p), M z (o))- For notational simplicity, from now on we 
denote wj® , zf\ W 2 (0) , zf by W h Z h W 2 , Z 2 , respectively 

5.1 Constraint on Z2 mass 

We calculate the p parameter in our model, and use the measure value of the forward- 
backward asymmetry for e + e _ — > Z po i e — > e + e~ at LEP to set lower bound on Mz 2 - p 
parameter is defined by 

p ~ M 2 Zi co^e w - K > 

p = 1 + Ap LR + ApsM, (44) 



For our model, 



where Ap LR ~ cos29 w M Zi /M Z2 , Ap SM ~ 3GpTTi 2 /8\^2tc 2 . The p parameter can also be 
expressed as 

= Mj, 4 

p -cos^ w Ml Ml 3 + f- A (l + A^Y 1 ' 

where A^ ~ —(1 + cos 29w)M Zl /M z . In deriving Eq. (|45"l) , we have calculated the ratio of 
vector and axial- vector coupling gv/gA from Eq.(|3~4"D and then substituted cos 2 6w in terms 



of gv/dA in Eq.fl43|). We have also used Eq . (|33f) . Then equating Eqs. (j44|) and (j45|) , and 

using A e = l 9v9A = 0.15138 ± 0.00216 pi, we obtain 
9v + 9 a 

M Z2 > 935(970) GeV at 95%(90%) CL, (46) 

and 

2j= > 780(810) GeV at 95%(90%) CL. (47) 
5.2 Constraint on W2 mass and 1/R 

Mass of the KK tower of the left-handed gauge boson depends on 1/R. These provides 
additional contributions to the muon decay and thus lead to lower bound on 1/R |L6|, p| . 
K-K mixing receives additional contribution from the W^-W^ exchanges at the one loop. 
This also leads to a more stringent bound on 1/R and hence on W2 mass. 
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Following the work of Ref. [17] and using the Fermi constant (Gp in Ref. ||17||) for the MS 



scheme, we obtain for our model 



2 



1 + O.O82A + — M^R 2 = 0.99928 ± 0.0015. (48) 



This gives 

4 > 1.20(1.36) TeV at 95%(90%) CL. (49) 
R 

We now consider the constraint from K-K mixing. In left-right theory, there are ad- 
ditional box diagrams with both W\ and Wi exchanges. These diagrams contain large 
logarithms of the form In (M^/m^), large LR hadronic matrix elements, and new short dis- 
tance QCD corrections HI8"| . The effective Hamiltonian for our model is the same as in the 
usual left-right model given in Ref. |TB| , except 1/M^ 2 is replaced by 1/{M^) due to the 
exchanges of the KK tower with, 



71 R" , / 7i 



2 v - 2 ET^ = 77-tanh -a , (50) 



where 



a = Rj^-(k 2 + v 2 ) . (51) 



The factor 2 comes from a/2 factor in gauge couplings of the fermions to the KK excited gauge 
bosons. Using the bound for ^ (Myy 2 ) > 1-6 TeV from Ref. [18] , we obtain from Eq.([5(]), 

M W2 > 2.5 TeV. (52) 

Assuming a <1 (1/R> gv/\/2) as implicit in our pattern of symmetry breaking, we get 

4 > 1.9 TeV. (53) 
R 

6 Conclusions 

We conclude summarizing our main results We have considered the orbifold breaking of 
the minimal extension of the SM gauge symmetry, namely, left-right gauge model in five 
dimensions. SU(2)r as well as the parity symmetry is broken to U(1)r via compactification 
to four dimensions. We have developed the formalism as well as calculated the gauge bosons 
mass matrices, mixings and their coupling to the fermions. The new model has several 
distinguishing features from the usual four dimensional left-right model as summarized in 
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the beginning of section 5. The major features being the existence of the KK excitations of 
the gauge bosons, no left-right mixing in the charged sector, lightest is a KK excitation 
while Z% is not. We have discussed the phenomenology of the model briefly and set bounds 
on the masses of W^, zf^ as well as the compactification scale, 1/R. These bounds are 
low enough for W^, Z^ and first few KK excitations of Z^ to be produced at the LHC 
The production cross sections as well as decay width for being different from the usual 
left-right model, while not for zf \ is an interesting unique feature of the new model. The 
detailed phenomenological study of this model, as well as that the left-right model in five 
dimensions without orbifold breaking of gauge symmetry will be presented elsewhere [0 . 
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